In upstream oil industry, microorganisms arise some opportunities and challenges. They can increase oil recovery through microbial enhanced oil recovery (MEOR) mechanisms, or they can increase production costs and risks through reservoir souring process due to H 2 S gas production. MEOR is mostly known by bioproducts such as biosurfactant or processes such as bioclogging or biodegradation. On the other hand, when it comes to treatment of reservoir souring, the only objective is to inhibit reservoir souring. These perceptions are mainly because decision makers are not aware of the effect microorganisms' cell can individually have on the wettability. In this work, we study the individual effect of different microorganisms' cells on the wettability of oil-wet calcite and dolomite surfaces. Moreover, we study the effect of two different biosurfactants (surfactin and rhamnolipid) in two different salinities. We show that hydrophobe microorganisms can change the wettability of calcite and dolomite oil-wet surfaces toward water-wet and neutral-wet states, respectively. In the case of biosurfactant, we illustrate that the ability of a biosurfactant to change the wettability depends on salinity and its hydrophilic-hydrophobic balance (HLB). In distilled water, surfactin (high HLB) can change the wettability to a strongly water-wet state, while rhamnolipid only changes the wettability to a neutral-wet state (low HLB). In the seawater, surfactin is not able to change the wettability, while rhamnolipid changes the wettability to a strongly water-wet state. These results help reservoir managers who deal with fractured carbonate reservoirs to design a more effective MEOR plan and/or reservoir souring treatment strategy.
Introduction
Hydrocarbon reservoirs as a major part of the deep subsurface biosphere host indigenous microorganisms that live under harsh pressure and temperature conditions. After thousands of decades, these diffusion-driven environments have been isolated and stabilized. However, this stability can be violated during petroleum exploitation through processes such as reservoir souring and microbial enhanced oil recovery (Vigneron et al. 2017) .
About 50% of oil resources have been placed in carbonate reservoirs. Carbonate reservoirs are often fractured with a relatively low matrix permeability, and on top of that, they are in most of the cases neutral-wet or oil-wet. Therefore, water flooding recovery from carbonate reservoirs is generally low (Strand et al. 2006) . In order to increase the recovery from these reservoirs, different research works have suggested different methods such as surfactant injection and smart water injection to change the wettability of carbonate surfaces, and stimulate imbibition process (Austad et al. 1998; Strand et al. 2006) .
Recently Hajibagheri et al. (2017 Hajibagheri et al. ( , 2018 and (Najafi-Marghmaleki et al. 2018) studied the effect of different biosurfactant-producing bacteria on the wettability of oil-wet carbonate surfaces. Hajibagheri et al. (2017 Hajibagheri et al. ( , 2018 showed 1 3 that bacterial solution of Enterobacter cloacae can change wettability of calcite surfaces from a strongly oil-wet state toward a strongly water-wet state. Najafi-Marghmaleki et al. (2018) showed that bacterial solution of an Alcaligenes faecalis strain can change the wettability of an oil-wet carbonate surface toward a neutral-wet condition. Note that the bacterial solution experimented by Hajibagheri et al. (2017 Hajibagheri et al. ( , 2018 and Najafi-Marghmaleki et al. (2018) is composed of both bacteria cells and bioproducts. Therefore, following questions are left unanswered:
1. Are microorganisms cell responsible for the wettability alteration? 2. Are the produced biosurfactants responsible for the wettability alteration? 3. What is the effect of microorganisms and their produced biosurfactant on other carbonate surfaces such as dolomite?
If the answer to the first question is yes, it means that in the reservoir souring process, besides side effects there might be also some extent of enhanced oil recovery. Therefore, it introduces a new constraint for reservoir souring mitigation strategies. The answer to the first question is also important for researchers who study the effect of sulfate in smart water injection processes, as sulfate injection can stimulate sulfate reducing bacteria growth. If microorganisms are able to change the wettability, one mechanism of wettability alteration in smart water injection process can be microbial activities.
For MEOR, the positive answer to the first question can make MEOR process applicable where it is not regarded to be applicable. By looking into the work of Hajibagheri et al. (2017 Hajibagheri et al. ( , 2018 and Najafi-Marghmaleki et al. (2018) , one can see the bacterial solution has a significant concentration of K 2 HPO 4 and KH 2 PO 4 , as phosphate ions are essential for biosurfactant production. In the real field application, injection of such solution into the reservoir is not possible, as it is not compatible with the carbonate reservoirs brine [with a significant concentration of Ca 2+ (Austad 2013) ]. It is also may not be possible to find a biosurfactant-producing microorganism that can tolerate the harsh condition of the reservoir. However, this does not mean wettability alteration is not possible, as there might be microorganisms that do not need a significant concentration of K 2 HPO 4 and KH 2 PO 4 to grow, and they cannot produce biosurfactant, but they can tolerate the reservoir condition and they can change the wettability.
The second question and third questions are also important. So far, in most of the research works on MEOR (targeting wettability alteration), only biosurfactant production has been considered as the screening criteria for isolation of microorganisms. However, if different biosurfactants influence different carbonate surfaces differently, the rock type should be also considered in the screening procedure.
In this work, we seek to establish some guidelines to predict the effect of microbial associated processes such as seawater injection and MEOR on the wettability of oil-wet carbonate reservoirs. To this end, we reveal the individual effect of bacteria cells and biosurfactants on the wettability of two different oil-wet carbonate surfaces (calcite and dolomite). This is done by evaluating the effect of five different bacteria (isolated from seawater, oil contaminated soil and oil samples) and two different biosurfactants (surfactin and rhamnolipid) on the carbonate surfaces. In assessing biosurfactant effect, we also consider the effect of salinity. We suggest mechanisms through which a bacteria cell or a biosurfactant can change the wettability and reasons why they cannot change the wettability in some cases. At last, in the light of our results, we recommend a new screening constraint for MEOR, a new guideline for decision makers who are facing the challenge of reservoir souring and a new mechanism for sulfate-associated smart water injection.
Materials and methods

Microorganisms used
In this work, we used three known strains Bacillus subtilis MJ01, Pseudomonas aeruginosa MJ03 and Acinetobacter calcoaceticus PTCC 1318. Additionally, we used strains that were isolated from a petroleum reservoir oil sample and a seawater sample. In the following, sampling and isolation procedures to obtain these strains are explained.
Sampling
We used sterile urine sample bottles to collect samples. Cap of bottles was sealed with parafilm, and they were kept at 4 °C. The reservoir oil sample was taken from the production pipeline. Note that the oil sample contained also some emulsified reservoir water. In order to minimize any pollution, the seawater sample was taken from a point about 100 m away from the beach and about 50 cm below the seawater. Figure 1 shows the isolation procedure utilized in this work schematically.
Isolation
Bacteria isolation from the seawater sample
To isolate bacteria present in the seawater sample, we used seawater nutrient broth (SNB) obtained by dissolving 5 grams of peptone, 5 grams of yeast extract and 3 grams of beef extract in a liter of seawater (Atlas 2005) . Fifty milliliters of the prepared medium after autoclaving was added to a 250-ml Erlenmeyer and then was inoculated with 1% V/V of the seawater sample. The incubation was done at 30 °C, 160 rpm and for 4 days. Afterward, different dilutions (up to 10 −8 ) of the culture were spread on agar plates made by the aforementioned media. After 1-3 days of incubation, to obtain pure cultures, grown colonies were recultivated in fresh agar plates for at least three times.
Bacteria isolation from the reservoir oil sample
The procedure of bacteria isolation from the reservoir oil sample has been described in detail in the work of (Veshareh et al. 2019) under the section "Isolation of oil degrading bacteria," where in this work we did the enrichment by using two ml of the oil sample.
Bacteria identification
The identification procedure has been described in detail in the work of (Veshareh et al. 2019) , under the section "Identification of bacteria."
Growth media used
Seed culture
For the seawater strain, we used SNB medium. Fifty milliliters of SNB medium were autoclaved in a 250-ml Erlenmeyer flask and were inoculated with a loop full of the strain, which had been previously cultivated and grown on SNB agar medium. The inoculated Erlenmeyer flask was incubated for 24 h at 30 °C, 160 rpm. In the end, the optical density of the culture at 600 nm was set to 1, using sterile SNB medium. For other strains, we used a seed culture medium that was prepared following the instructions in the work of Veshareh et al. (2019) under the section "Seed culture preparation."
Biomass production media
For the strain isolated from the seawater, we used SNB medium. For MJ03 strain, we used mineral salt solution (MSSO) medium reported by (Sarafzadeh et al. 2014) with sunflower oil as the sole carbon source. For other strains, we used Luria-Bertani (LB) medium.
Seawater/formation brine compatible growth medium (SBCGM)
Seawater and most of formation brines that belong to carbonate reservoirs include high quantity of Ca 2+ and Mg 2+ cations (Austad 2013) . Therefore, H 2 PO4 − and HPO 4 2− anions concentration in the growth media considered for microbial enhanced oil recovery should be kept in the solubility limit of Ca(H 2 PO 4 ) 2 , Mg(H 2 PO 4 ) 2 , CaHPO 4 and MgHPO 4 . It is clear that ignoring this constraint may lead to a severe formation damage due to scale formation.
To consider this constraint, we modified the mineral salt solution introduced by (Darvishi et al. 2011 ) by changing the KH 2 PO 4 and K 2 HPO 4 concentrations to be 2 and 0 g/l, respectively.
Biomass preparation
Biomass production media after autoclaving were inoculated by seed cultures (1% V/V), and then, incubation was done at 30 °C, 160 rpm. Afterward, cells were separated by centrifuging at 9000 rpm for 15 min. In order to ensure the separated biomass is clear of any nutrient and bioproduct such as biosurfactant, cells were washed by distilled water (by suspending cells in distilled water and separating them by centrifugation) for three times.
Biosurfactant preparation
Surfactin used in this work was separated from MJ01 strain as has been reported by Veshareh et al. (2019) under the section "Purification and partial identification of biosurfactant using FTIR." Rhamnolipid was produced by MJ03 strain, using MSSO medium reported in the work of (Sarafzadeh et al. 2014 ). The autoclaved media were inoculated with (1% V/V) of MJ03 seed culture, and then, incubation was done at 30 °C, 160 rpm for 2 days. To separate rhamnolipid, firstly, cells were removed from cultures by centrifuging at 9000 rpm for 15 min. Then, cell-free supernatants were acidified using 6 M HCl to pH 2.0. Afterward, the precipitated rhamnolipid was separated by centrifuging at 9000 rpm for 20 min. Since (after centrifugation) the separated rhamnolipid was as a layer floating on the supernatant, we used a filter paper (MF-Millipore Mixed Cellulose Ester Membrane Filter) to separate it. Rhamnolipid attached on the filter paper was extracted using ethyl acetate. Lastly, the ethyl acetate was completely evaporated at 45 °C to obtain a partially pure rhamnolipid as a maple syrup shape liquid.
Bacterial adhesion to hydrocarbon (BATH) test
To determine the relative hydrophobicity of different strains used in this work, we used BATH test described in the work of (Dorobantu et al. 2004) .
Contact angle measurements
Detail information about contact angle tests including the procedure used to take rock slices, age samples and measure contact angle can be found in the work of Veshareh et al. (2019) under the section "Wettability studies." An asphaltenic crude oil (acid number = 0.58 mg KOH/g oil) was used in contact angle measurements. The crude oil composition and its properties are listed in Tables 1 and 2, respectively. Acid and base numbers were determined based on ASTM D-664 and ASTM D-2289, respectively. Rock slices were taken from two different carbonate outcrops. Based on X-ray diffraction analysis (XRD), one of these outcrops is shown to be composed of mainly calcite, while the other one was interpreted to be mainly dolomite.
Wettability (contact angle) of rock slices was measured in three stages. The first stage was right after preparation of the rock slice ( i ). Next stage was after the aging procedure when the wettability of rock slices had changed to an oilwet state ( o ). The last stage was after treatment with three categories of solutions ( f ), all for a week, and at 30 °C. The temperature of 30 °C was considered in order to ensure the wettability alterations measured in this work are solely due to the effect of added bioproducts (active/inactive biomass or biosurfactant) not the distilled water or the seawater (Austad et al. 2011; Mahani et al. 2015) . Note that the time period of 1 week was chosen because Hajibagheri et al. (2017 Hajibagheri et al. ( , 2018 observed that the wettability alterations mainly occurs in the first 3-6 h. Therefore, we assumed that the time period of 1 week is long enough for any potential changes to show up. Najafi-Marghmaleki et al. (2018), in their contact angle measurements, placed rock slices in different solutions including a formation brine and microbial solutions. However, since contact angle depends on the interfacial tension (IFT) of fluids, and biosurfactants reduce IFT, in all of our contact angle tests we placed the rock slices in distilled water so that we ensure the difference in the contact angle results is only due to surface modifications. In order to facilitate interpretation of contact angle data, we used the concept of wettability reversal percent (WRP) introduced by Veshareh et al. (2019) .
Theoretically, WRP can accept values between 0 and 100. WRP values close to 0 show no wettability modification, while WRP values close to 100 indicate that the surface has regained its initial wettability state. Note that considering uncertainties in contact angle measurements, measured WRP values can be out of this theoretical range. In the following, three categories of treating solution are explained.
Control solutions
Different solutions in this work were made by either distilled water or seawater. Therefore, we measured the effect of both distilled water and seawater on aged rock slices so that we can differentiate the effect of bacteria and/or biosurfactants on the measured contact angle tests. For seawater, we used Persian Gulf seawater with the total dissolved solid content of 42.145 ppm.
Inactive biomass suspensions
These tests were designed to study the sole effect of bacteria cells on wettability of calcite and dolomite surfaces. In fact, this study was needed to check whether the effect of active microorganisms on wettability is due to their cell surface properties or is due to their biologic activity. To prepare
inactive biomass solution, washed biomasses obtained in Sect. 2.3 were suspended in distilled water (0.5 mg/l concentration) to make inactive biomass suspensions. Since gram-negative and gram-positive bacteria have different cell surface properties, for these tests we considered a gramnegative bacterium and a gram-positive bacterium.
Active biomass suspensions
These tests were designed to answer two main questions: 1. In microbial enhanced oil recovery in oil-wet carbonate reservoirs, does only biosurfactant production contributes in oil recovery?
2. Are microorganisms without ability of biosurfactant production able to increase oil recovery?
Indeed, the second question is a reformulated version of the first question. For these tests, as the high temperature and humidity of the autoclave would affect the wettability, we used UV wave to sterilize rock slices. SBCGM without any carbon source was used to keep bacteria active. After the media were cooled down, rock slices were placed and 3% inoculation from the seed culture was done. Rock slices with active bacteria suspensions were incubated for a week at 30 °C, without any shaking. Note that we removed the carbon source from SBCGM in order to prevent significant growth and bioproduct production to ensure wettability is only influenced by cells biotic or abiotic activity.
Results and discussion
Isolated microorganisms
16S rRNA partial sequence revealed that MJ02 and MJ04 strains are Halomonas aquamarina (97% similarity) and Bacillus subtilis (98% similarity), respectively. The 16S rRNA genes of MJ02 and MJ04 were deposited in the Gen-Bank database with accession numbers MK245973 and MK244694, respectively. Hydrophobicity of different strains Figure 2 shows the hydrophobicity of different strains used in this work. Strains MJ01, MJ02 and MJ04 were found to be highly hydrophil, while strains MJ03 and PTCC 1318 showed to be partially and highly hydrophobe, respectively.
Contact angle results
Before discussing the contact angle results, it is worth reminding that all of the treatments in this work were done in 30 °C. Considering that petroleum reservoirs have different temperatures higher than 30 °C, any conclusion we will make from here on needs to be checked before being applied to a specific petroleum reservoir. However, due to the following two reasons we speculate that the same observations will be observed using higher temperatures: Table 1 , considering the uncertainty in contact angle measurements, shows that at room temperature seawater and distilled water cause a WRP between 0.04 and 0.19. Therefore, in the following sections when we discuss the effect of biosurfactants and/or microorganisms, we ignore any WRP in this range as it could be achieved without treatment by biosurfactants and/or microorganisms. In the case of seawater, our results are in agreement with (Strand et al. 2008) . They showed that seawater cannot influence the wettability of chalk surfaces significantly in temperatures below 100 °C. Table 2 shows the effect of surfactin and rhamnolipid on the wettability of oil-wet calcite and dolomite surfaces. In zero-salinity condition, surfactin changed the wettability of both calcite and dolomite surfaces to water-wet, while rhamnolipid changed the wettability of the carbonate surfaces to a neutral-wet state. In the salinity of seawater, surfactin was unable to significantly change the wettability of calcite and dolomite rock slices, whereas rhamnolipid altered the wettability to water-wet. The different effect of surfactin on the wettability compared to that of rhamnolipid can be due to their different hydrophilic-hydrophobic balance (HLB). HLB of surfactin and rhamnolipid has been reported to be 21.27 and 9.5, respectively (Burch et al. 2010; Dehghan-Noudeh et al. 2005) . Standnes and Austad (2000) showed that anionic surfactants change the wettability of oil-wet carbonate rocks toward neutral-wet states. They suggested this to be due the formation of a monolayer due to hydrophobic-hydrophobic interactions between hydrophobic heads of the surfactant and carbon components attached on the carbonate surface. In our results, wettability alteration for both biosurfactants, for both calcite and dolomite surfaces, can be explained by the theory of monolayer formation. However, as surfactin bears a bigger hydrophil head, it changes the wettability more. This is shown schematically in Fig. 3a and b .
Control solutions
Biosurfactant solutions
In seawater, surfactin is unable to change the wettability of oil-wet carbonate surfaces, while dolomite alters wettability completely to a water-wet state. Inability of surfactin in seawater can be due to hydrophilic-hydrophilic interactions between the negatively charged head of surfactin and cations present in the seawater (Fig. 3c ). In the case of dolomite, as wettability alteration is more than the distilled water case, it seems that monolayer formation is not the mechanism, and separation of carbon components from the carbonate surfaces has occurred. Note that if monolayer formation was the mechanism, we expected the wettability to be similar with the distilled water case and to be neutral-wet. A schematic presentation of the separation is explained in Fig. 3d . We suggest that cations present in the seawater neutralize the negatively charged head of rhamnolipid (by forming cation-biosurfactant complexes). On the other hand, divalent cations present in the seawater help to loosen the interactions between the carbonate surface and the carboxyl group. In this condition, hydrophobic-hydrophobic interactions between rhamnolipid and the carbon component can separate the carbon component from the carbonate surface and changes the wettability to the original water-wet wettability.
Inactive biomass effect
To study the effect of inactive biomasses, we tested the effect of MJ01 (gram positive) and PTCC 1318 (gram negative) strains. Table 1 shows the results for these tests. It is clear that for none of calcite and dolomite surfaces MJ01 and PTCC 1318 cells are not able to change the wettability significantly. Carbonate surfaces are well known to be positively charged, so they become oil-wet due to adhesion of negatively charged polar components of the petroleum. Inactive microorganisms can be regarded as particles with a negative charge (Dickson and Koohmaraie 1989) . As oilwet calcite and dolomite surfaces are covered by negatively charged components, there is a repulsion force that inhibits microorganisms to adhere to the surface and change the wettability.
Active biomass effect
We examined 5 different bacteria to investigate how bacteria biologic activity influences the wettability of oil-wet calcite and dolomite surfaces. Table 3 shows that MJ01, MJ02 and MJ04 do not change the wettability significantly, whereas strains MJ03 and PTCC 1318 cause a complete wettability alteration for the case of calcite surfaces and a partial wettability alteration for the case of dolomite surfaces.
We suggest the difference between wettability alteration for MJ03 and PTCC 1318 compared to that of MJ01, MJ02 and MJ04 is due to the different hydrophobicity of these strains. This is schematically shown in Fig. 4 . Considering the negative charge of bacteria cells and negative charge of calcite and dolomite oil-wet surfaces, electrostatic forces Fig. 3 Surfactin and rhamnolipid can change the wettability of carbonate surfaces depending on salinity. In zero salinity, a surfactin and b rhamnolipid change the wettability to water-wet and neutral-wet states, respectively. This difference seems to be due to different HLBs of these surfactants. In the salinity of the seawater, c electrostatic interaction between the polar head of surfactin and cations presents in the seawater inhibits wettability alteration. d In the case of rham-nolipid, divalent cations reduce the polar interactions between the carbonate surface and the carboxyl group. On the other hand, formation of cation-rhamnolipid complexes reduces the electrostatic repulsion between the negatively charged head of rhamnolipid and the carboxyl group. At this condition, hydrophobic-hydrophobic interactions between rhamnolipid and the attached crude oil cause detachment and wettability reversal are always repulsive between bacteria cells and oil-wet carbonate surfaces. Based on BATH test results, strains MJ01, MJ02 and MJ04 are not hydrophobe, whereas strains MJ03 and PTCC 1318 are slightly hydrophobe and hydrophobe, respectively. Therefore, hydrophobic-hydrophobic interactions (van der Waals forces) between bacteria cells of MJ03 and PTCC 1318 make them able to get closer to organic components on the calcite and dolomite surfaces (Fig. 4c, d) . The absence of these hydrophobic-hydrophobic interactions for hydrophil strains makes them unable to reach organic matter and alter wettability (Fig. 4a, b) . Considering disability of PTCC 1318 inactive cells to change the wettability, these changes are proved to be due to the biologic activity of bacteria. Figure 5 illustrates an original calcite slice ( Fig. 5a ) and how its appearance changes throughout the aging process and treatment with active MJ03 strain cells (the same observation was done for PTCC 1318). After aging, the rock slice surface is covered by negatively charged organic components, so the rock slice color changes to black and wettability preference changes to an oil-wet state (Fig. 5b) . Active MJ03 strain cells detach most of these organic components, regaining the milky color and wettability preference of the original rock slice (Figs. 4e,  5c ).
For dolomite surfaces, treatment by MJ03 and PTCC 1318 leads to a neutral-wet state. The differences between the wettability change for calcite compared to that of dolomite seems to arise from the different interactions of the available reactive sites of the mineral surface with the negatively charged carboxylic group (-COO − ). At the calcite surface, there are two different surface sites: calcium and carbonates, respectively (> Ca -> CO 3 = 4.95 sites/ nm 2 ). Besides previously mentioned sites, the dolomite surface contains a third type (> (>Ca = > Mg = 2.6 sites/nm 2 -> CO 3 = 5.3 sites/nm 2 ). Moreover, in a recent publication (Takeya et al. 2019 ) through electrokinetic measurements it was shown that the interaction of magnesium with the oil polar components (i.e., -COO − ) is stronger than the interaction of these latter with calcium. Thus, PTCC 1318 and MJ03 strain cells are able to detach the organic matter from the calcium sites shifting the wettability to water-wet ( Fig. 2E ), whereas they cannot release the carboxylic acids from the magnesium sites, leaving them oil-wet. As a half of the available sites are calcium and another half are magnesium, a half of the surface sites change to water-wet, while another half remain oil-wet. This leads to a neutral-wet state (Fig. 4f ).
Biosurfactants or active biomass, which one should be the MEOR strategy?
In order to determine an efficient MEOR strategy which utilizes wettability alteration to recover more oil, two points should be considered:
• The salinity of the displacing fluid. • The rock type.
First, we compare the two examined biosurfactants, and then, we compare using a biosurfactant and active biomass. Based on our results, regardless of the rock type, if fresh water is going to be used as the displacing fluid, surfactin can be more efficient than rhamnolipid since it can cause a complete wettability reversal. However, in practice, seawater or produced water is used as the injecting fluid [reference]. Hence, based on our results, rhamnolipid should be used since surfactin failed to change the wettability in the seawater salinity. In the case that the rock type is calcite, rhamnolipid and hydrophobe active biomasses lead to the same wettability alteration; that is, both can lead to the same amount of recovered oil. However, in order to use rhamnolipid, it has to be produced and purified ex situ, while an active biomass can exist in situ and be stimulated via injecting appropriate nutrients. Therefore, in the case that calcite is the major rock type of a carbonate reservoir, utilization of active biomass seems more likely to be economic.
In the case that the rock type is dolomite, utilization of active biomass can cause only a neutral wettability. Even though a neutral wettability state can cause the highest ultimate oil recovery, it has a lower economic oil recovery compared to that of a water-wet state (Anderson 1987) . That is, if the rock type is dolomite, while using active biomass is less costly, using rhamnolipid can recover more oil at the breakthrough time. Therefore, more analyses are required to determine the efficient MEOR strategy for a dolomitic carbonate reservoir.
Implications for MEOR, reservoir souring treatment plans and smart water injection
Conventional MEOR strategies mainly focus on either the role of a bioproduct (that can reduce IFT (Chandankere et al. 2014; Fernandes et al. 2016; Hosseininoosheri et al. 2016; Pereira et al. 2013) , change wettability (Najafi-Marghmaleki et al. 2018 ) and enhance the mobility ratio (Wang et al. 2018 ) and etc.), or the role of a microorganism to biodegrade oil (Cai et al. 2015; Vilcáez et al. 2018) or reduce its viscosity (Arora et al. 2014) . Therefore, in MEOR screening procedures usually most of the indigenous microorganisms are eliminated as they are considered to be incapable of increasing oil recovery (Datta et al. 2018) . In fractured carbonate reservoirs, the water flooding is not effective enough since capillary forces do not contribute in oil recovery. To improve water flooding efficiency and get capillary forces to contribute in oil recovery, wettability alteration toward more water-wet states is essential. Therefore, past MEOR research works in this area have mainly focused on how biosurfactant-producing bacteria can change the wettability. For example, Hajibagheri et al. (2017 Hajibagheri et al. ( , 2018 showed that activity of Enterobacter cloacae can change the wettability. However, they did not make it clear if the biosurfactant is responsible for the wettability alteration or biomass itself. Our results show that bacteria cells and biosurfactants individually can change the wettability. Generally, it is believed that spontaneous imbibition is weakened by reducing IFT Salehi et al. (2008) . In this regard, in MEOR plans targeting oil-wet fractured carbonate reservoirs, we suggest to use hydrophobe microorganisms with a low ability to produce biosurfactants, as they change the wettability without weakening capillary forces. We also suggest, in the case that a biosurfactant is to be used, the salinity effect to be studied as different biosurfactants have different behaviors in different salinities.
Reservoir souring is a process in which sulfate reducing bacteria (SRB) reduce sulfate that is present in the injecting seawater and produce H 2 S (Veshareh and Nick 2019; Veshareh and Nick 2018a, b) . Vigneron et al. (2017) for a biologically soured reservoir showed that the reservoir harbors a high variety of sulfate reducers. Since H 2 S is a toxic and corrosive component, oil operators seek to inhibit this process through different mitigation strategies. Biologic mitigation strategies such as nitrate (Agrawal et al. 2012 ) and perchlorate treatment (Cheng et al. 2016 ) try to stimulate some microorganisms against SRB, while non-biologic strategies such as molybdate injection (Newport and Nedwell 1988) try to inhibit any microbial growth in the reservoir. Considering our results, we speculate that reservoir souring process, besides its side effects, has an effect on increasing oil recovery. Biologic treatment strategies substitute the growth of microorganisms such as nitrate-reducing bacteria with the growth of SRB; therefore, by biologic treatment of souring, microbial wettability alteration mechanisms are sustained, whereas by non-biologic treatment we remove souring problem alongside recovery mechanisms.
There are different research works reporting the effect of sulfate ion in increasing oil recovery in smart water injection processes (Austad et al. 2011; Strand et al. 2006; Zhang et al. 2006) . Different mechanisms in these works are believed to be the reason for oil recovery. We do not judge the presence of reported mechanisms; however, we speculate that microbial activities are one of the mechanisms of smart water injection, as microorganisms, having hydrophobic characteristics, can utilize sulfate and lead to some extent of oil recovery. Therefore, we feel it is worthy to further study the biologic processes effect on smart water injection tests and oil recovery, especially for imbibition tests where a long period of tests allows significant microbial growth.
Conclusion
We studied the effect of five different microorganisms cells with different hydrophobicities and two different biosurfactants with different hydrophil-lipophil balances on the wettability of oil-wet calcite and dolomite surfaces. Our results showed that wettability alteration in MEOR processes is not restricted to the presence of biosurfactant. Therefore, our results suggest biologic process effect on the wettability as an ignored part of MEOR, smart water injection and reservoir souring studies. Perhaps considering biologic process effect on the wettability, researchers can design smart water injection and reservoir souring mitigation plans such that it maximizes the wettability alteration and oil recovery subsequently.
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